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Abstract In a program aimed at studying genes ex- ly few data have been obtained that shed light on the mo- 
pressed in pistils, the cDNA clone STS 15 was isolated lecular basis of a successful pollen-pistil interaction, 
from a cDNA library of pollinated pistils of Solanum tu- Such an interaction is characterized by germination and
berosum and was found to be expressed only in pistils. 
During development of the pistil, the accumulation of 
STS 15 transcripts, which are 0.7 kb long, reached a max­
imum just before anthesis and declined in fully open 
flowers. Southern blot analysis revealed that stslS  was 
present as a small gene family in dihaploid potato. In situ 
hybridization experiments indicated that STS15 was 
strongly expressed in the cortex of the style and at a low 
level in the stigma. No hybridization signal was observed 
in the transmitting tissue. The temporal and spatial ex­
pression patterns of STS 15 indicate that the gene prod­
ucts of the stslS  gene might be involved in the function 
of the stylar cortex or in making the pistil competent for 
pollination.
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Introduction
In flowering plants, the pollen, i.e. the male gameto- 
phytes, and the pistil, which contains the female gameto- 
phytes (Esau 1977), come into close contact at the onset 
of pollination. During this interaction, the genetic back­
ground of both tissues determines whether or not suc-
undisturbed growth of the pollen tubes that ultimately 
leads to fertilization of the egg cell in the embryo sac 
(Lord and Sanders 1992).
The process of pollination starts when mature pollen, 
developed in the pollen sacs of the anther (Mascarenhas 
1990), is shed and transferred to the mature stigma of a 
receptive pistil. After landing, recognition processes ini­
tiate the cascade of events that lead to fertilization 
(Mascarenhas 1990). This recognition implies that pistils 
are able to discriminate between the different types of 
pollen they receive and to determine whether they will 
accept or reject the pollen (Knox 1984). According to the 
species, pollen acceptance or rejection may take place at 
two distinct moments after pollination, either when the 
pollen has-landed on the stigma or when the pollen tubes 
are in the pistil. After the pollen has been accepted on 
the stigma, it germinates and produces a pollen tube. 
This pollen tube penetrates the stigmatic tissue (Van 
Went and Willemse 1984) and grows into the intercellu­
lar matrix of the stylar transmitting tissue. In some spe­
cies, the choice between acceptance and rejection is de­
layed until the pollen tube has travelled one third of the 
length of the style (gametophytic self-incompatibility, 
such as in the Solanaceae). After the pollen or the pollen 
tubes are accepted, successful growth depends on the 
qualitative and quantitative composition of the nutrients
cessful fertilization will take place. Although rejection of in the stylar transmitting tissue. The intercellular matrix
the pollen, or self-incompatibility, has been extensively 
investigated at the molecular level (Sims 1993), relative-
The nucleotide sequence data reported will appear in the EMBL, 
DDBJ and GenBank nucleotide sequence databases under the ac­
cession number X80472.
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of the transmitting tissue is filled with proteinaceous 
substances and low-molecular-weight compounds like 
glucose and galactose (Herrero and Dickinson 1979; 
Sedgley et ah 1985; Konar and Linskens 1966). Its mass 
is influenced before and during pollination by tempera­
ture and other environmental factors (Van Herpen 1984). 
Compounds in the tissue may affect the growth of the 
pollen tubes (Herrero and Arbelo 1989; Kroh et al. 1971 ; 
Ichimura and Yamamoto 1992), because substances from 
the intercellular matrix are taken up by the pollen tubes 
(Kroh et al. 1970; Labarca and Loewus 1973). In the So-
174
lanaceae, for example, the S-RNases are taken up in vitro 
by the pollen and pollen tube (Gray et al. 1991) and de­
termine whether pollen tube growth will be arrested or 
will proceed (Lee et al. 1994; Murfett et ai. 1994).
To understand more about the genes involved in the 
acceptance or rejection of the pollen and pollen tubes in 
the different tissues, several pistil genes have been isolat­
ed and are being investigated. These genes, predominant­
ly expressed in the pistil, can be divided into two major 
groups (Gasser and Robinson-Beers 1993). The first 
group contains the S genes involved in self-incompatibil­
ity; these are all expressed in the pistil and thoroughly 
described (Sims 1993; Newbigin et al. 1993; Nasraüah 
and Nasrallah 1993). The second group comprises pistil 
genes that are not involved in self-incompatibility. This 
group includes genes expressed in the stylar transmitting 
tissue of tomato (Gasser et al. 1989; Budelier et al. 1990) 
and tobacco (Ori et al. 1990). Several genes in this group 
encode proline-rich proteins. Some of them are extensin- 
like (Goldman et al. 1992; Chen et al. 1992; Baldwin et 
al. 1992), whereas others are characterized only by a 
high proline content (Chen et al. 1993; Cheung et al.
1993). Other pistil-specific genes are a proteinase inhibi­
tor precursor of Nicotiana alata (Atkinson et al. 1993) 
and STIG1, a tobacco gene that is specifically expressed 
in the stigmatic secretory zone (Goldman et al. 1994). 
None of the genes described so far have been identified 
as specific for compatible pollination; however, some ex- 
tensin-like genes have a modulated expression upon pol­
lination (Goldman et al. 1992; Wang étal. 1993). Also, 
nothing is known about the effect o f the pollen gene 
products on the expression of these pistil-specific genes.
The aim of our research was to isolate and character­
ize genes expressed in pollinated pistils and establish 
their functional role during pollen tube-pistil interaction. 
To achieve these goals, we differentially screened a 
cDNA library of pollinated pistils of Solanum tuberosum 
and isolated several pistil-specific cDNAs. The temporal 
and tissue-specific expression and localization of the 
transcripts of one of these genes and its putative function 
are described.
Materials and methods
Plant m aterial
Plants of self-incompatible dihaploid (2n=2x=24) Solanum tubero­
sum  clones heterozygous with respect to the S-alleles (SjS3 and 
S2S4) were supplied by Professor E, Jacobsen (Wageningen Agri­
cultural University, The Netherlands). Cuttings were grown in cli­
mate chambers at 20° C under a iight/dark regime of 16/8 h.
Pistils (without the ovary) were collected from flowers at an- 
Lhesis. Mature pollen was collected at anthesis and dried at room 
temperature for 48 h in open petri dishes (Van Herpen 1984). Pol­
linations were carried out just before anthesis, and pistils were col­
lected after 24 h. All tissues were frozen in liquid nitrogen and 
stored at —80° C.
Development of potato flowers was divided into four stages ac­
cording to Kaufmann et al. (1991). Stage 1 is characterized by a 
closed green bud (3-4 mm). Stage 2 is a flower bud (5-6 mm), 
still closed, in which the anthers are turning yellow. Stage 3 is a
partly opened flower bud (8-9 mm) in which the petals and an­
thers are colored. Stage 4 corresponds to flowers at anthesis (>10 
mm).
RNA and DNA extraction
Total RNA was isolated using the method of Frankis and Masca­
renhas (1980) with slight modifications according to Goldberg et 
al. (1981). Plant tissue frozen in liquid nitrogen was homogenized 
in 4 ml RNA extraction buffer [100 mM TRIS-HC1 pH 8.0, 50 
mM EDTA, 1% SDS, 0.1 mM NaCl> 50 mM ß-mercaptoethanol
and 1% Tri-isopropylnapthalene sodium salt (Kodak)] and an 
. equal volume of phenol, and incubated at 60° C for 10 min. Addi­
tional phenol/chloroform/isoamyl alcohol (25:24:1) extractions 
were performed until no interface remained. RNA was obtained 
after successive ethanol and 2 M LiC precipitations.
The same procedure, omitting ß-mercaptoethanol, was used to 
extract high-molecular-weight DNA from young leaves.
cDNA library construction and differential screening
4
Cross-pollinated (SjS3xS2S4) pistils were harvested 24 h after pol­
lination. Poly(A)+ RNA was isolated using a PolyATtract po!y(A)+ 
mRNA isolation kit (Promega), cDNAs were synthesized from 
poly(A)+ RNA, using a Uni-ZAP XR cDNA synthesis kit (Strata- 
gene), according to the protocols of the manufacturer. The library 
was packaged using Gigapack II gold packaging extracts (Strata­
gene). The cDNA library was differentially screened on nitrocellu­
lose with 32P-labelIed single-stranded cDNA probes. The cDNA 
probes were prepared from either cross-pollinated pistil poly(A)+ 
RNA or unpollinated pistil poIy(A)+ RNA (Sambrook et al, 1989), 
The ExAssist/SOLR in vivo excision system (Stratagene) was 
used for automatic excision of the positive cDNA clones from 
lambda ZAP II to yield the pBluescript ÍI SK(-) vector in XL-1 
Blue E. coli cells (Stratagene).
The isolated STS 15 cDNA clone was not full-sized, Therefore, 
the S’-Amplifmder RACE kit (Clontech) was used to isolate the 5' 
end of the STS 15 cDNA clone. Two nested internal primers were 
designed (VE5, TCGAAATCATTCCAAGGCCACGGAG; VE6, 
GCACATTGACTCGCGGAGCAGCTTG). The primer VE5 was 
used to synthesize cDNA and the primer VE6 was used for PCR 
amplification of the 5’ cDNA end according to the protocols of the 
manufacturer. The PCR fragments were cloned with the TA Clon­
ing System (Invitrogen) into the pCRlI vector.
DNA manipulations and sequence analysis
Plasmid DNA was prepared as outlined in Sambrook et al. (1989). 
Radioactively labelled probes were prepared from cDNA frag­
ments in low melting point agarose using the random-primer la­
belling system (Church and Gilbert 1984). Nucleotide sequence 
analysis was carried out by the dideoxynucleotide chain termina­
tion method (Sanger et al. 1977) using the T7 DNA polymerase 
sequencing system of Pharmacia. Both nucleotide and deduced 
protein sequences were analyzed using the University of Wiscon­
sin Computer Group programs (Devereux et al. 1984).
Northern blot analysis
Equal amounts of total RNA (10 jug) from different tissues were 
electrophoretically separated on 1.5% agarose gels and transferred 
to Hybond-N (Amersham) according to Sambrook et al. (1989). 
The STS 15 cDNA was used as a probe. Hybridization was per­
formed for 20 h at 55° C in 6x SETS ( lx  SETS is 0.15 M NaCl, 
0.02 M TRIS-HC1 pH 7.8, 1 mM EDTA), 5x Denhardt’s ( lx  Den- 
hardt’s is 0.02% Ficoll, 0.02% PVP and 0.02% BSA), 0.1% SDS 
and 75 pg/ml denatured herring sperm DNA. Washing was earned 
out at 55° C in lx  SSC, 0,1% SDS or at 55° C 4x SSC, 0,1% SDS.
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Fig.4 Nucleotide sequence of the STS 15 cDNA and its deduced 
amino acid sequence. The stop codon is shown in boldface letters 
and putative N-glycosylation sites are underlined
by southern hybridization. The presence of two faint hy­
bridizing fragments in B. oleracea, one strong band in P. 
hybridci and two bands in N. tabacum (Fig. 5A) indicated 
that the stsJ5 gene, or a homologue of stslS, is present 
as one or two gene copies in these plant species. Using 
the STS 15 probe,-two very strongly hybridizing EcoRl 
fragments were detected and four strong Hindlll frag­
ments were visible in digists of S. tuberosum genomic 
DNA (Fig. 5B). Sequence analysis revealed the presence 
of an internal Hindlll restriction site in the STS 15 cDNA 
sequence. The number of DNA fragments hybridizing to 
the STS 15 probe indicate that the stsJS gene belongs to a 
small gene family in dihaploid S. tuberosum.
To determine the conservation of expression of the 
stslS gene in these plant species, RNA from pistils was 
isolated and analyzed by northern blot hybridization. 
STS 15 transcripts were detectable in S. tuberosum and at 
a low level in pistils of N. tabacum (Fig. 5C). In contrast
638
to potato, STS15 cDNA hybridized with two transcripts 
of 0.7 kb and 0.75 kb in tobacco. Shorter exposure of the 
blot revealed that the very strong hybridization signal 
observed in S. tuberosum pistils consists o f transcripts of 
one length.
Discussion
i
For a better understanding of the process of pollination, 
it is important to identify genes specifically expressed in 
all different tissues of the pistil and establish their func­
tional role during pollination. All the pistil-specific 
genes previously isolated are expressed in the stigmatic 
tissue and/or in the transmitting tissue of the pistil (Sims 
1993; Gasser and Robinson-Beers 1993; Nasrallah and 
Nasrallah 1993).
As can be concluded from the northern blot analysis, 
stslS  is a gene highly expressed in pistil. Since stslS  ho­
mology at the genomic level was shown in B. oleracea, 
P. hybrida, and N. tabacum , stslS  is a member of a small 
gene family which is conserved during evolution. Con­
servation at the expression level differs for the tested
aagtacttgttcgtgcattaaaaaaaaaaaaaaaaaaa
*
m« M ÿ
, xjtiUÉMiaUeMÉfltìlfa
-.. .v-: •:. . i! C I • '• •i s .v>v-:''  •:-••'•.•'.• .••;•>< Í. *y\»
•-''L''Y.y
'  j  • i"y i  i •• r f  t % * •: ’> ’> : -'¡/¿■//■¿■.-.■.'r;,----
■ W :‘.iiiife
\: -y ; Ì ’. ' . ' ' . s : 
; l » i  
® § I f ll |ll
i-':.’: v : ; ■ 1 • ; : ; •
•i;*
'.•y-:
v1'.'! ,’,
l o ; /  i » •
• 'y1- •• ' ! / / ' r  i.</SsV'::V'''J.vi'> !1 > '•
/>};•■ \/■ -'Uï/,it:/: -/.) /  >: I : ' - r ; / •■:''//> r:::x iv-:*.mmßftm.vïwa i;
sv, 'v-<’Í " í -S'ív w -'.-: 'V'.
. ‘/ i t  sy /. : : S/y
Üii
I ",•!■■
rM .'OV :,m
¡lil'f !
M i r
l \ l y -
I I,v;<Xi
/ t ó v
É i¿te
'/i!H' \ v .i/y-
■>V>
;£i
. i 'A 'U
A  / / lì
py
« I I
■'<$%m'm -M
m
m &
i
ijm
ijl,,.
W j :
« t>.m
lav
!//:■ Wj
W/£ li
$
¿-j
HsJ.
■:0’> »
*
-. v : v < :: rV ■ =; .-.■■.! i =.:.? y ï e':'::.:'--:
WM0$0M<
: - '. S’”' •* :; <v < ^  f,',; 1 ! ; ! \'.J.: •: ; */;'.* : \'j • i '  \ ; 'i' -
' »  ^ ' ! ' *' *. - ;:v ! ¡ ^  : :V:
W r f . V L i  f  
-/W-ï-V'! !
■A-5 -ì'!:-; -': :"-;. : :" rJv:!x.-. •-••
¿ te i
Sí'
M m
*
»»•r»
MHS
'“ « w
#* #
*
•#
m
m
m m
179
Chen CG, Cornish EC, Clarke AE (1992) Specific expression of 
an extensin-like gene in the style of Nicotiana alata. Plant Cell
4:1053-1062
Chen CG, Mau SL, Clarke AE (1993) Nucleotide sequence and 
style-specific expression of a novel proline-rich protein gene 
from Nicotiana aiata. Plant Mol Biol 21:391-395 
Cheung AY, May B, Kawata EE, Gu Q, Wu HM (1993) Character­
ization of cDNAs for stylar transmitting tissue-specific pro- 
line-rich proteins in tobacco;Plant J 3:151-160 
Church GM, Gilbert W  (1984) Genomic sequencing. Proc Natl 
Acad Sci USA 81:1991-1995 
Cox KH, De Leon DV, Angerer M, Angerer RC (1984) Detection 
of mRNAs in sea urchin embryos by in situ hybridization us­
ing asymmetric RNA probes. Dev Biol 101:485-502 
Devereux J, Haeberli P, Smithies O (1984) A comprehensive set of 
sequence analysis programs for the VAX, Nucleic Acids Res 
12:387-395
Esau K (ed) (1977) Anatomy of seed plants, 2nd edn. Wiley, New 
York
Frankis R, Mascarenhas JP (1980) Messenger RNA in the unger­
minated pollen grain: a direct demonstration of its presence. 
Ann Bot 45:595-599 
Gasser CS, Budelier KA, Smith AG, Shah DM, Fraley R (1989) 
Isolation of tissue-specific cDNAs from tomato pistils. Plant 
Cell 1:15-24
Gasser CS, Robinson-Beers K (1993) Pistil development. Plant 
Cell 5:1231-1239 
Goldberg RB, Hoshek G, Tam SH, Ditta GS, Breidenbach RW 
(1981) Abundance, diversity, and regulation of mRNA se­
quence sets in soybean embryogenesis. Dev Biol 83:201- 
217
Goldman MHD, Pezzotti M, Seurinck J, Mariani C (1992) Devel­
opmental expression of tobacco pistil-specific genes encoding 
novel extensin-like proteins. Plant Cell 4 :1041—1051 
Goldman MHS, Goldberg RB, Mariani C (1994) Cell ablation of 
the stigmatic secretory zone causes female sterility in tobacco.
EMBOJ 13(13):2976-2984 
Gray JE, McClure BA, Bönig I, Anderson MA, Clarke AE (1991) 
Action of the style product of the self-incompatibility gene of 
Nicotiana alata (S-RNase) on in vitro grown pollen tubes. 
Plant Cell 3:271-283 
Gu Q, Kawata EE, Morse MJ, Wu HM, Cheung AY (1992) A 
flower-specific cDNA encoding a novel thionin in tobacco. 
Mol Gen Genet 234:89-96 
Hanson DD, Hamilton DA, Travis JL, Bashe DM, Mascarenhas JP
(1989) Characterization of a pollen-specific cDNA clone from 
Zea mays and its expression. Plant Cell 1:173-179
Herrero M, Arbelo A (1989) Influence of the pistil on pollen tube 
kinetics in peach (Prunus persica). Am J Bot 76(10): 1441— 
1447
Herrero M, Dickinson HG (1979) Pollen-pistil incompatibility in 
Petunia hybrida: changes in the pistil following compatible 
and incompatible intraspecific crosses. J Cell Sci 36:1-18 
Ichimura K, Yamamoto Y (1992) Changes in the amount and com­
position of stylar canal excudate after self-pollination or cross­
pollination in self-incompatible Lilium long ifl or urn Thumb. J 
Japan Soc Hort Sci 61(3): 609-617 
Kaufmann H, Salamini F, Thompson RD (1991) Sequence vari­
ability and gene structure at the self-incompatibility locus of 
Solanum tuberosum. Mol Gen Genet 226(3).*457-466 
Knox RB (1984) Pollen-pistil interactions In: Linskens HF, He- 
slop-Harrison J (eds) Encyclopedia of plant physiology, voi
17. Springer, Berlin Heidelberg New York, pp 508-608 
Költunow AM, Truettner J, Cox KH, Wallroth M, Goldberg RB
(1990) Different temporal and spatial gene expression patterns 
occur during anther development. Plant Cell 2:1201-1224
Konar RN, Linskens HF (1966) Physiology and biochemistry of 
the stigmatic fluid of Petunia hybrida. Planta 71:372-387 
Kroh M, Miki-Hirosige H, Rosen W, Loewus F (1970) Incorpora­
tion of label into pollen tube walls from myoinositol-labeled 
Lilium longiflorum  pistils. Plant Physiol 45:92—94 
Kroh M, Labarca C, Loewus F (1971) Use of pistil exudate for 
pollen tube wall biosynthesis in Lilium longiflorum  In: He- 
slop-Harrison J (ed) Pollen: development and physiology. But- 
terworth, Toronto, pp 273-278 
Labarca C, Loewus F (1973) The nutritional role of pistil exudate 
in pollen tube wall formation in Lilium longiflorum . Plant 
Physiol 52:87-92 
Lee HS, Huang S, Kao TH (1994) S proteins control rejection of 
incompatible pollen in Petunia in f lata. Nature 367:560-563 
Lord EM, Sanders LC (1992) Roles for the extracellular matrix in 
plant development and pollination: a special case of cell move­
ment in plants. Dev Biol 153:16-28 
Mascarenhas JP (1990) Gene activity during pollen development.
Annu Rev Plant Physiol Plant Mol Biol 41:317—338 
Murfett J, Atherson TL, Mou B, Gasser CS, McClure BA (1994) 
S-RNase expressed in transgenic Nicotiana causes S-allele- 
specific pollen rejection. Nature 367:563-566 
Nasrallah JB, Nasrallah M E (1993) Pollen-stigma signalling in the 
sporophytic self-in compatibility response. Plant Cell 5:1325- 
1335
Newbigin E, Anderson MA, Clarke AE (1993) Gametophytic self­
incompatibility systems. Plant Cell 5:1315— 1324 
Ori N, Sessa G, Lotan T, Himmelhoch S, Fluhr R (1990) A major 
stylar matrix polypeptide (sp41) is a member of the pathogen­
esis-related proteins superclass. EMBO J 9:3429-3436 
Reijnen WH, Van Herpen MMA, De Groot PFM, Olmedilla A, 
Schrauwen JAM, Weterings KAP, Wullems GJ (1991) Cellular 
localization of a pollen-specific messenger RNA in situ hy­
bridization and confocal laser scanning microscopy. Sex Plant
Reprod 4:254-257 
Sambrook J, Fritsch EF, Maniatis T  (1989) Molecular cloning -  a 
laboratory manual, 2nd edn. Cold Spring Harbor Laboratory 
press, Cold Spring Harbor, NY 
Sanger F, Nicklen S, Coulsen AR (1977) DNA sequencing with 
chain terminating inhibitors. Proc Natl Acad Sci USA 
74:5463-5467
Sedgley M, Blessing MA, Bonig I, Anderson MA, Clarke AE 
(1985) Arabinogal act an-pro teins are localized extracellularly 
in the transmitting tissue of Nicotiana alata Link and Otto, an 
ornamental tobacco. Micron Microsc Acta 16:247-254 
Sims TL 81993) Genetic regulation of self-incompatibility. Cri
Rev Plant Sci 12:129-167 
Van Herpen MMA (1984) Extracts from styles, developed at differ­
ent temperatures, and their effect on compatibility of Petunia 
hybrida in excised-style culture, Acta Bot Neerl 33:195-203 
Van Went JL, Willemse MTM (1984) Fertilization In: Johri BM 
(ed) Embryology of angtosperms. Springer, Berlin Heidelberg 
New York, pp 273-309 
Von Heijne G (1986) A new method for predicting signal se­
quence cleavage sites. Nucleic Acids Res 14:4683-4690 
Wang H, Wu HM, Cheung AY (1993) Development and pollina­
tion regulated accumulation and glycosylation of a stylar 
transmitting tissue-specific proline-rich protein. Plant Cell
5:1639-1650
Wu HM, Zou JT, May B, Gu Q, Cheung AY (1993) A tobacco 
gene family for flower cell wall proteins with a proline-rich 
domain and a cysteine-rich domain. Proc Natl Acad Sci USA 
90:6829-6833
